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3. Summary o f  Progress 
Progress dur ing the per iod o f  May through December was much slower 
than i t  should have been and has pushed the conlpletion o f  the  windmil 1  
back t o  near ly  a  year behind the o r i g i n a l  sclieaule. I n  ret rospect ,  the  
o r i g i n a l  schedule was unreal i s t i c ,  the completion o f  c e r t a i n  tasks such 
. .  . . 
as the  nace l le  took f a r  more t ime than estimated and the i n c l u s i o n  o f  
the very needed and b e n e f i c i a l  bench t e s t  a1 1  adued t o  the s l ippage i n  
the  completion schedule. 
The windmi l l  was erected on s i t e  ijovember 15, 1976 and was permit ted 
t o  run t o  a  very 1  im i ted  and c a r e f u l l y  con t ro l  l e d  extent .  Automatic and 
continuous operat ion has i n t e n t i o n a l l y  been postponed w h i l e  the  blade p i t c h  
con t ro l  l e r  was redesigned and wh i le  a  p r e l  'lminary dynamic to rs iona l  ana lys is  
was made. The t o r s i o n a l  response o f  the windmi l l  has been analyzed, the  
new p i t c h  c o n t r o l l e r  has been designed and a  bread-board c i r c u i t  completed. 
As soon as the c i r c u i t y  i s  tes ted  opera t iona l l y  and deemed cor rec t ,  a  
p r i n t e d  curcu i  t w i  11 be prepared and i n s t a l  led.  
Some general observat ions based on 1  imi ted operat ion are: 
(1) The ambient temperature has a  s i g n i f i c a n t  a f f e c t  on the machine 
s ta r t -up  charac te r i s t i cs .  The lub r i can ts  c u r r e n t l y  i n  use become 
q u i t e  t h i c k  i n  very co ld  weather. 
( 2 )  WF-1 does no t  yaw i n  l i g h t  winds, but  yaws we l l  w i t h  the blades r o t a t i n g  
above 40 RPM. This i s  probably a  very des i rab le  c h a r a c t e r i s t i c .  
Speci f ic  tasks and progress i n  ce r t a i n  areas are sumnarized below. 
Be.nch Tests 
During WF-1 bench tes t ing,  misalignment o f  the second stage speeu- 
up shaf ts was detected and corrected. The misalignment caused a whipping 
of the s i l e n t  chain and excessive heating o f  the bearings and supports. I n  
addi t ion,  considerable heating i n  the f i r s t  stage speed-up ( t r uck  d i f f e r e n t i a l )  
was detected. Synthetic o i l  was put  i n  the d i f f e r e n t i a l  and an a i r  scoop 
was inser ted i n  the base o f  the nace l le  t o  a l l e v i a t e  the heating problem. 
Approximately 30 hours o f  running a lso served t o  brake i n  the cirive mechanism 
a t ~ d  resu l ted i n  a brake-out torque reduct ion t o  approximately 27 f t - l b s  and 
an over-a l l  e f f i c i ency  of 80 per cent. 
Procedure f o r  Raising WF-1 
Upon completion o f  the bench t es t s  and o f  the f ab r i ca t i on  o f  the 
nacel le, WF-1 and a l l  i t s  components were transported by t ruck  t o  the s i t e  
a t  Solar Habi ta t  - I. The fo l low ing  scenario describes the r a i s i n g  o f  WF-1. 
This scenario requires the nacel le t o  be attached a t  the s i t e  a f t e r  
WF-1 i s  secured t o  the pole and the blades have been i n s t a l  l e d  and 
set  a t  the proper alignment. 
Disconnect WF-1 from the d iese l .  
Attach hub t o  main shaf t .  
Load WF-1 onto t ruck  w i t h  f o r k  l i f t .  
Transport WF-1, blades and nacel le par ts  t o  SH-1. 
L i f t  WF-1 i n  the upr igh t  pos i t i on  from t ruck w i t h  the crane. 
Using a chain and come-along, r o t a t e  WF-1 t o  a hor izonta l  posi t ion.  
Swing WF-1 t o  pos i t i on  pole matcher t o  pole; snake brake lanyard 
down through the pole. 
Secure pole matcher t o  pole. 
Disconnect and move crane t o  base o f  tower ready f o r  r a i s i n g  operation. 
I n s t a l l  main frame nacel le. 
Concurrently - connect WF-1 e l e c t r i c a l  w i r i ng  t o  i n s t a l l e d  pole w i r i ng  
Raise pole w i t h  crane, i f  necessary; r o ta te  WF-1 90" t o  pos i t i on  w i t h  
bow po in t ing down (i .e. a f t  end up t o  receive blades). 
Instal 1 bl ades i n  hub. 
A1 i gn blades . 
Check pitch control operation. 
Attach spinner. 
Raise pole and attached WF-1 to vertical position w i t h  crane. 
Secure a l l  guy wires. 
Lower pole into socket. 
Tighten guy wires t o  proper tension and check pole for  vert ical .  
Attach guy wire security components. 
Secure base of pole and remove hinge arrangement. 
Disconnect crane from tower and discharge crane. 
Check out operation of a l l  systems. 
I t  was obvious that  th i s  procedure i s  not well suited to  comnercialization 
of the Wind Furnace, and modification to simplify instal la t ion must be given 
--a 
priori ty  in the next design-. 
Overspeed Feather and Brake 
The fol lowing describes the overspeed feather and brake control system 
for  Wind Furnace I. 
1. Mechanical Trip Mechanism 
The f l y  bal ls  move out a t  rated RPM plus 10% (167 + 16.7 = lb3.7 
or approximately 180 rpm) and trip a toggle switch to  act ivate  a relay closing 
a c i r cu i t  coupling 24 volt  bat ter ies  with the pitch control motor. This 
c i r cu i t  over-rides the normal pitch control c i r cu i t  and drives the blades t o  
fu l l  feather and applies the brake. 
A t  feather, a heavy duty l imit  switch i s  thrown which opens the c i r cu i t  
and cuts i t  from further operation. The system will not resume operation 
unti 1 manually reset  a f t e r  inspection. 
2. Loss of Signal Control 
I f  there i s  a loss of pitch control signal from the ground (such as 
a power outage), relays normally held open will close completing the battery 
c i r c u i t  thus d r i v i n g  the blades t o  f u l l  feather and applyi,ng the brake. For 
the c i r c u i t  thus act ivated, r e tu rn  of signal from the ground (power back on) 
brings the normal p i t c h  cont ro l  back i n t o  operation. 
Ba t te r ies  are con t inua l l y  recharged by f l o a t i n g  the ba t te r ies  across 
the 24 v o l t  1 ine  from the ground. 
. .. . . 
3. Manual 
The brake can be appl ied manually from the ground i n  case o f  emergency. 
A brake f l u i d  leak has developed r e s u l t i n g  i n  a loss  o f  brake pres- 
sure. The leak appears t o  be i n  the hydraul ic  cy l inder  which i s  accessable 
on ly  from the  hub and spinner end. The machine has beer1 observed i n  the 
feather mode under winds i n  excess o f  50 mph during which time the r o t o r  tends 
t o  r o t a t e  about one quarter  t u r n  one way and than back the other way. A t  
no time d i d  i t  appear t h a t  the brake was needed. 
P i t ch  Control 1 er  
The p i t c h  con t ro l le r ,  o r i g i n a l l y  designed t o  cont ro l  on ti p-speed r a t i o ,  
has been redesigned t o  cont ro l  simply on r o t o r  rpm. This redesign was con- 
sidered necessary t o  reduce the p robab i l i t y  o f  an overspeed excursion ac- 
companied by an undesirable t rans ien t  torque, p a r t i c u l a r l y  i n  region 3 
operation. 'The. concept and operation o f  the p i t c h  c o n t r o l l e r  i s  presented 
I n  Appendix I. 
Torsional Analysis 
A p re l  iminary paper p red ic t ing  high t rans ien t  tors iona l  loads i n  wind 
generators locked i n  synchronism w i t h  a massive u t i l  i t y  g r i d  was presented 
a t  the National Wind Energy Exposit ion i n  October. This repor t  caused the 
re-eva luat ion  o f  the r o t o r  s h a f t  torques t o  be expected w i t h  WF-1. A 
report of the p r e l  i m i  nary ana lys is  of these. t rans ien ts  appears as Appendix 11. 
For simple step inputs  o f  blade torque as a f o r c i n g  funct ion,  the  r e s u l t i r l g  
s h a f t  torque response has been obtained. Adequacy o f  the  WF-1 design, as 
decided i n  t h e  summer o f  1975, has been re-es tab l ished by theory, a t  l e a s t .  
ilernonstration w i  11 f o l . 1 0 ~  soon. 
Test Program 
A t e s t  program has been developed t o  evaluate the  operat ional  i n t e g r i t y  
o f  WF-1, t o  v e r i f y  the  func t ion ing  o f  a l l  components, and t o  b r i n g  the  wind 
furnace i n t o  f u l l y  automatic operat ion as soon as possible. Th is  t e s t  
program appears as Appendix I I I .  
Wind Tunnel Test 
Add i t iona l  model wind tunnel t e s t s  have been conducted (Ref. TR 17614) 
and are  discussed i n  Appendix I V .  
Operat ional and Economic Simulat ion 
Further  operat ional  and economic s imula t ion  s tud ies  have been conducted. 
A summary o f  these s tud ies  appears as Appendix V. F u l l  coverage o f  the  studies 
has been prepared as WFITW7711. 
4. A L i s t i n g  of Pa r t i c i pa t i ng  Personnel 
(a) W. E. Heronemus - P. I., Management, over-a1 1 responsi b i l  l t y  f o r  the 
design, assisted by Br ian Keuhn ( rece iv ing no support from the grant) 
candidate f o r  B.D.I.C. i n  business and energy. 
(b) D.E. Cromack - Deputy P. I . ,  Chief Administrat ive Of f i ce r ,  and 
head of the Aerodynamics, Analysis & Tunnel Working Group, and re-  
sponsi b l  e f o r  In te r face  Control and const ruct ion L ia ison f o r  Working 
Group 07, the Solar Habi tat .  Assisted by: Fred Perkins candidate f o r  
M.S. i n  Mech. & Aero. Engineering. 
( c )  A. Chajes - Head o f  Working Group 01, Support Structures. 
Assisted by Wen-sen Chen, candidate f o r  M.S. i n  C i v i l  Engineering, and 
Steven Bailey, candidate f o r  M.S. i n  C i v i l  tngineering. 
(d) R.V. Monopoli - ( rece iv ing no support from the grant)  
Supervising B. Caccamo, candidate f o r  b.5. i n  Elec. & Comp. Engineering, 
who i s  designing and bu i l d i ng  the P i t ch  Cont ro l le r .  
(e) R.M. Glorioso - Providing consu l ta t ion t o  both the Load Cont ro l le r  
and the P i t ch  Con t ro l le r  working groups. 
( f )  M. Edds - Candidate f o r  M.S. i n  Ocean Engineering - i n  charge o f  
the necessary laboratory work and analysis and the design o f  the Load 
Control 1 er. Assisted by: D. Handman, undergraduate research ass is tant  
and W. Clark Electronics Technician, and G.U. Sheckels, ( rece iv ing no 
support from t h i s  grant)  consultant t o  the Load Cont ro l le r  Group. 
(g) A.J. Costa - Responsible f o r  the design and manufacture of the 
Mechanical Assembly, Hub, and a l l  required shop work. Assisted by: 
S. Bu t t e r f i e l d ,  candidate f o r  M.S. i n  Mech. & Aero. Engrg., who i s  
the design engineer f o r  the hub; F. Antoon, candidate f o r  M.S. i n  
Mech. & Aero. Engrg., who is the . .  design . engineer for the main frame, 
main drive, pole matcher, sl ip ring assembly, nacell es, genera1 arrange- 
ment, and wqights and moments record and control. 
(h) F. J.  Dzialo - Responsible for structural analysis of conlpetitive 
blade concepts. (For the first three months, assisting in the selection 
and detailing of the first support structure.) 
(i )  J.G. McGowan - Responsible for Total System simulation, subsystem 
sizing, all thermal components, the design of the experiment and 
instrumentation. Assisted by G. Darkazall i, candidate for Ph.D. in 
Mech. & Aero. Engrg., who is the simulation engineer and system 
analyst; W. Wells, candidate for the M.S. in Mech. & Aero. Engrg. who 
is the design engineer for all thermal systems and all thermal 
components, and Lou Socha, candidate for M.S. in Mech. Engrg., re- 
sponsible for solar insolation data collection. 
(j) C.A. Johnson - (Receiving no support from the Grant.) 
Responsible for the concept, design and engineering and construction 
supervision for the Solar Habitat. Assisted by: W. Clark and 
A1 lan Mil kewicz, Technicians, Civil Engineering Department. 
(k) R. hi rchhoff - Responsible for analysis and tunnel investigations 
of the interference between adjacent wind wheels. 
(1) M.P. White - Responsible for vibration analysis of the wind 
generation on its tower. Director of F.S. Stoddard's doctoral 
dissertation in this field and 8. Johnson, candidate for Ph.D. degree 
in Ocean Engrg. 
Papers and Publ icat ions t o  Date 
(1 ) "Mind and Solar  Resident ia l  Heating System: Energy and Economic 
Study," by Ghazi Uarkaza l l i  and Jon G. McGowan, Dec. 1976, 
(2 )  "Three Probabi 1 i t y  Densl t i e s  (Log-Normal , Gamma, and Wei b u l l  ) 
and t h e i r  Appl i c a t i o n  t o  Model 1 in$ Average Hourly Wind Speed ," 
by Frank Kaminsky, Dec. 1976, WR/TR/77/2 
(3)  "Design and I n s t a l l a t i o n  o f  Heating System f o r  UMASS Solar 
Habi ta t  - I ," by Ward D. We1 1 s and Jon G. McGowan, TR/76/11, 
Sept. 1976. 
(4 )  "Discussion o f  Momentum Theory f o r  Windmills," by Forrest  S. Stoddard, 
TR/76/2, Apr i  1 1976. 
(5) "An Approach t o  Prel iminary Systems Optimization o f  the New England 
Wind Furnace," by Forrest  S. Stoddard, TR/76/3, A p r i l  1976. 
(6) "Prel iminary Report on Optimizing the Windmill Rotor," by 
Paul Lefebvre and Duane Cromack, TR/76/4, A p r i l  1976. 
(7) "F ie ld  Con t ro l le r  f o r  the UMASS Wind Furnace," by Daniel Handmann, 
TR/76/5, A p r i l  1976. 
( 8 )  "A General Descr ipt ion o f  the Blade-Pitch Control ler," by 
Bruce A. Caccamo, TR/76/6, A p r i l  1976. 
(9) "Prel iminary Report - Thermal Systems - Wind Furnace Project," by 
Jon G. McGowan and Ghazi Darkazal l i ,  TR/'16/7, A p r i l  1976. 
(1 0) "Prel iminary Report - Wind Data Co l lec t ion  and Analysis - 
Wind Furnace Project," by Frank C. Kaminsky, TR/76/8, A p r i l  1976. 
(11) "Dynamics o f  the iiew England Wind Furnace," by Mer i t  P. White, 
TR/76/9, A p r i l  1976. 
(12) "Switching Logic - Wind Furnace Experiment," by Wi l l iam E. 
Heronemus, -- e t  a1 , SH-1-07.01.001 TR/75/2, Oct. 1975. 
(13) "A F i r s t  Economic Analysis o f  the Wind Furnace," edi ted by 
W.E. Heronemus, SH-1-09.01.001, TR/76/1, Jan. 1976. 
[14) "Blade St ructura l  Design: .Wind Furnace Experiment," by 
E.S. Van Dusen, SH-1-02.10, TR/76/2, Jan. 1976. 
(15) " S t a b i l i t y  o f  Wind Power Support Structures ," by A. Chajes 
was presented a t  the Annual Column Research Council Meeting, 
Toronto, Canada, June 1975 (pub1 ished i n  Proceedings Column 
Research Counci 1, P.B. 247 678-1 975). 
(16) "Prefabr icat ing Bui ld ings Adapted t o  Solar and Wind Energy 
Ut i l i za t ion , "  by C.A. Johnson, presented a t  the 1975 Annual 
Meeting North A t l an t i c  Region ASAE, Cornel 1 Univ. , Ithaca, NY, 
August 1975. 
(17) "Wind and Solar Thermal Combinations f o r  Space Heating," by 
3.6.  McGowan, W.E. Heronemus, G. Darkazal l l  , presented a t  the 
Tenth In tersoc ie ty  Energy Conversion Conference a t  Newark, 
Delaware, August 1975. 
6. Major Problems . . 
Instrumentation 
Considerable time and e f f o r t  have been spent pu t t i ng  the instrumentation; 
i nc l  uding recorders, i n t o  wprking order and ca l  i b r a t f l '  Most of t h i s  
* instrumentation M un i ve rs i t y  property temporar i ly  ava i lab le  f o r  t h i s  
p ro jec t  i&an "as- is"  s t a t e  o f  repa i r .  The l ack  o f  funds and the  delay 
i n  obtain ing replacement par ts  has added t o  the  over-a l l  problem o f  com- 
p l  e t i ng  the data acqu is i t i on  package. Recording instruments have been 
borrowed from the C i v i l  and Mechanical Engineering Department Labs, are 
being repaired and modif ied t o  handle the input  s ignals and should be i n  
operation i n  Solar  Hab i ta t - I  by the rece ip t  o f  t h i s  report .  
Continued Support 
The problem o f  continued support p a r t i c u l a r l y  f o r  students i s ,  as 
always, of great  concern. Graduate student support o f f e r s  general ly  go 
out  between February 1 s t  and A p r i l  1 s t  w i t h  A p r i l  15th as the agreed 
acceptance date. Without continued support, our experienced students w i  11 
not  be retained nor w i l l  competent new students be a t t rac ted  f o r  the coming 
September s t a r t  o f  academic year. I t  i s  rea l i zed  t h a t  our t lme ly  sub- 
mission of a renewal proposal i s  o f  much s ign i f icance here as i s  ERDA 
ac t i on  on t h a t  proposal. But, the overa l l  s i t u a t i o n  where one-year grants 
are t o  be matched against conventional graduate research ass is tant  r e c r u i t i n g  
and funding pract ices simply w i l l  no t  work. The un i ve rs i t y  of fered some 
small assistance o f  a flywheel nature t o  t i d e  t h i s  program over, but  i t  i s  
too small t o  assure cont inu i ty .  ERDA would be wel l  advised t o  r e a l i z e  t ha t  
productive e f f o r t  and perhaps q u a l i t y  o f  r e s u l t s  are ac tua l l y  
by the p rac t i ce  of funding i n  one year increments i n  un ive rs i t i es .  
7. Future Work 
(a)  WF-1 will be operated as often as possible, working from 
arb1 t r a r i  ly low values of "maximum pennissi ble rpm" up t o  the rated 
value of 167 rpm a 10%. Performance will be mapped as methodically 
as possible, accomnodating to the wind.  The f i r s t  t e s t s  will establish 
that  value of 8, tha t  yields maximum power for  a given rpm in region 2. 
That value has been predicted to  be - 6 O ,  b u t  there i s  already i n -  
dication i t  i s  a value closer to 0'. 
(b)  The thermal t e s t  program will be continued. Heat loss from 
SH-1 is s t i l l  not known as we1 1 as required. Evaluation of the f l a t  
plate collection system will be continued. 
(c) As soon as possible, WF-1 will be made available under automatic 
control, for  long-term productivity measurement t e s t s .  ('These numbers 
are indeed the reason for  building th i s  ent i re  laboratory, and we are  
a1 1 anxious to get 'on w i t h  the i r  determination a s  soon as possible.) 
(d) Instantaneous, simultaneous observed value of pitch angle, rpm, 
power, shaft  torque and f ield current will be analyzed t o  establish 
overall system performance compared against predicted values. 
(e) One s e t  of s t ra in  gages instal led on the stayed pole mast will 
be used t o  evaluate support system strength. Dynamic analysis of 
support systems will continue. 
( f )  The 80 foot tripod tower design will be reducea to  a Bill of 
Material, then comparison of i t s  projected cost against other pole 
mast configurations will be made. I t  has been hoped that  the 80 foot 
tripod w i t h  simplified footings will prove a winner. If  so, material 
will be purchased and tower fabrication will be started. 
(g) Five different versions of the Model Four configuration will be 
evaluated, the best selected, hardware purchased, and a test rig set 
up to be driven by the diesel engine in Gunness Lab 6. A very 
promising lead in industry toward a comnercialized Mode Four churn is 
being pursued. 
1 h) Wind field data collection, analysis and productivity calculations 
will continue. 
(I) Services to the increasing numbers of visitors to Solay Habitat 
One wi 1 1  be continued. Intemriews and correspondence will continue 
to receive considerable effort. 
(j) 'The educational component of the project, supervision of degree 
candidates, their projects and their theses, will be continued. 
(k) A renewal proposal will be prepared and submitted. 
APPENDIX I 
BLADE PITCH CONTROLLER 
The f o l  lowing describes the blade p i t c h  cont ro l  concept, phi losophy, 
and system f o r  Wind Furnace I, as of November, 1976. 
Figure 1 defines the p i t c h  cont ro l  regions i n  terms o f  power versus 
wind speed. I n  Region 1, the wind speed i s  below V cu t - i n  (6 mph), the 
r o t o r  i s  s ta t ionary and the blades are pitched t o  40 degrees f o r  maximum 
start-up torque. I n  Region 2, the blades are pitched t o  -6 degrees ( t i p  speed 
r a t i o  o f  7.5) f o r  steady operation t o  produce the maximum power output f o r  
any given wind speed. Region 3 begins a t  26 mph wind speed, extends t o  50 
mph and represents a region o f  constant power a t  synchronus generator rpm. 
Throughout Region 3 the blade p i t c h  increases frm -6 degrees a t  26 mph towards 
16 degrees a t  50 mph, thus maintai n ing the constant power and constant rpm. 
When the wind speed reaches 50 mph, the blades are pi tched t o  f u l l  feather 
(zero torque a t  90 degrees) and the hydraul ic brake i s  applied. Thus, Region 
4 represents a l l  wind speeds greater than 50 n~ph and zero power. 
Figure 2 shows these p i t c h  control  regions i n  terms of r o t o r  rpm and 
wind speed. A t  the cu t - in  speed o f  6 mph, the r o t o r  s ta r t s  t o  t u r n  and 
reaches 38 rpm when the blade t ip-speed-rat io becomes 7.5 and the blade p i t c h  
angle i s  -6 degrees. This represents the beginning o f  region 2. Region 1 i s  
be t te r  seen i n  Figure 3 as the condi t ion o f  B = 40' f o r  s tar t -up and the 
corresponding r o t o r  speed-up as the blades p i t c h  t o  -6'. Throughout region 2, 
the r o t o r  rpm varies 1 inear ly  w i th  wind speed (Fig. 2) and the blade p i t c h  
angle remains a t  -6" f o r  steady operation. 
Figure 4 o f  blade p i t c h  angle versus t ip-speed-ratio depicts possible 
p i t ch  schedules. E a r l i e r  data and analysis indicated t h a t  a desirable p i t c h  
schedule would be such t h a t  the blade p i t c h  would fo l low the dash l i n e  curve 
o r i g i na t i ng  near 65" and terminat ing a t  B o  = -6" a t  t ip-speed-rat io o f  7.5. 
The o r i g i n  o f  t h i s  curve has since been corrected t o  40". Indeed, t h i s  curve 
represents the locus o f  maximum p w e r  coe f f i c ien t  as a funct ion o f  blade 
p i t ch  angle f o r  various t i p  speed ra t i os .  These po in ts  are also shwn  on 
Figure 5. This curve a lso corresponds t o  the po in ts  o f  maximum torque co- 
e f f i c i e n t s  as a funct ion of p i t c h  angle . .  .. as shown i n  Figure 6. A p i t c h  cont ro l -  
l e r  could be designed w i t h  t h i s  curve as a comnand curve and thus attempt 
t o  obta in  maximum C operation, even for  a1 1 t ip-speed-rat ios less  than the P 
design value o f  7.5.  This region, however, should be viewed as, and repre- ' 
sents t rans ien t  operation. I f  the wind blows a t  a steady speed i n  excess o f  
6 mph, then the blades should be a t  -6" p i t c h  and should t u r n  a t  a design t i p -  
speed-ratio o f  7.5. 
Region 3 appears t o  be the c r i t i c a l  cont ro l  region where the rpm i s  t o  
remain constant t o  produce a constant rated power output and a constant torque 
(Figures 7 and 8). Thus, region 3 requires a 1 inear  blade p i t c h  increase 
w i t h  increasing wind speed (decreasing ti p-speed-ratio because o f  constant 
rpm) . If the o r i g i n a l  comnand curve were used, then rpm and p w e r  would i n -  
crease beyond synchronus and ra ted as the wind increased beyond 26 mph. 
Therefore, i n  region 3 a t  least ,  the rpm must be cont ro l  l e d  a t  synchronus 
speed. 
Since d i r e c t  rprn control  i s  required i n  region 3, i t  a lso i s  reasonable 
t o  use d i r e c t  rpm cont ro l  i n  region 2. 
RPM P i tch  Control 1 e r  Operation 
It has been decided t o  modify the WF-1 P i t ch  Cont ro l le r  t o  match the 
fo l low ing  cont ro l  l og ic .  
(a) When wind speed i s  lower  than cu t - in  speed, the WF1 sets  i d l e  
w i t h  blades pi tched t o  40". 
When windspeed r ises above cut i n  speed, the wind wheel blades 
stay a t  40' un t i  1 they have acquired a rotat ional  speed o f  about 
10 rpm. A t  approximately 10 rpm p i tch  i s  reduced toward - 6 O  
a t  a rate proportional t o  the difference between the rprn and the 
intended rprn or  a t  a maximum ra te  o f  6' per second. When -6' i s  
reached, the p i tch  angle remains a t  tha t  value so long as: 
(1) wind speed remains above V cut- In and less than V rated. 
(2) None o f  the three overriding controls, high torsion, high 
rprn o r  high wind goes i n t o  ef fect .  
(c)  When rpm reaches 38, the f i e l d  cont ro l le r  s ta r ts  t o  supply f i e l d  
current t o  the generator ( f i e ld - i n ) .  The amount o f  f i e l d  current 
supplied w i l l  vary as programed wi th  the observed shaf t  rpm a t  
values o f  rprn between 38 and 167. 
(d) When rprn reaches 167, the p i t ch  cont ro l le r  w i l l  s t a r t  t o  d r ive  
p i tch  back up from minus 6' toward the feather.value o f  90'. So 
long as the p i t ch  cont ro l le r  senses an rprn i n  excess o f  167, i t  
w i  11 c a l l  f o r  a ra te  o f  p i tch ing proportional t o  the er ror  signal 
generated based on the rprn and an rpm o f  157, and w i l l  d r ive toward 
the feather value. 
(e) I f  rprn exceeds 180 rpm, t h i s  w i l l  cause the overspeed t r i p  t o  
operate, and the normal p i t ch  cont ro l le r  signal w i l l  be superseded 
by a comnand tha t  w i l l  d r ive blades t o  feather and set  the brake. 
Manual reset requi red. 
( f )  As wind speed drops, the p i t ch  cont ro l le r  w i l l  hold the p i t ch  
set t ing a t  minus 6' u n t i l  the rprn drops below 10, Then the p i tch  
cont ro l le r  w i l l  order the p i t ch  se t t ing  t o  40'. (When rpn passes 
38, decreasing, the f i e l d  current w i  11 be extinguished), 
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TORSIONAL RESPOllSE ANALYSIS 
An ana lys is  was undertaken t o  evaluate the dynamic t o r s i o n a l  motion 
o f  the  d r i v e  t r a i n  of t h e  NF-1 w indmi l l .  S p e c i f i c a l l y ,  t h i s  ana lys is  
considers the  c h a r a c t e r i s t i c  windshaf t  torque response t o  forced inputs. 
The f o l l o w i n g  presents the  r e s u l t s  t o  date. 
For a r o t a t i n g  mass, the  sum of the  torques about t h a t  r o t a t i n g  mass 
equals the  product of i t s  p o l a r  moment of i n e r t i a  and i t s  r o t a t i o n a l  ac- 
ce le ra t ion ,  i .e. z T = I a. Figure  l'shows the  b lock  diagram f o r  the  
UMASS w indmi l l .  Wi th in  t h i s  system are  many r o t a t i n g  masses about which 
c T = I a could be w r i t t e n .  F igure 2'shows a simpl i f i e d  system w i t h  on ly  
2 r o t a t l n g  masses. There are two reasons f o r  t h i s  simpl i f i c a t i o n :  
1. Probably the  most vulnerable l i n k  i n  the  system i s  t h e  wind 
shaf t .  I t  i s  d i r e c t l y  coupled t o  the  wind r o t o r  and i t s  response 
i s  o f  pr imary i n t e r e s t .  
2. The windshaft sp r ing  r a t e  i s  a t  l e a s t  200 times s o f t e r  than t h e  
o ther  r o t a t i n g  masses w i t h i n  the  system. Because a l l  o ther  com- 
ponents a re  much s t i f f e r  than the windshaf t  and because the  s t i f f n e s s e s  
o f  i n d i v i d u a l  components are  a1 1 w i t h i n  a small percentage o f  each 
other, then t h e i r  respect ive  dynamic moments o f  i n e r t i a  can be com- 
bined i n t o  an e f f e c t i v e  moment of i n e r t i a  a t  the  t r u c k  Hypoid gears 
/ 
as shown i n  F igure  1. 
To c a l c u l a t e  t h i s  e f f e c t i v e  moment o f  i n e r t i a  an energy method i s  
used t o  accomnodate the  d i f f e r e n t  d r i v e  speed r a t i o s .  The system as 
shown i n  F igure  2 '1 s an accurate two-di sc consol ida ted representat ion o f  
the  UMASS wind machine. 
Since the re  are  2 r o t a t i n g  masses, then two d i f f e r e n t i a l  equations 
are required t o  describe the motion. However, because the system i s  
coup1 ed, the resu l t i ng  equations have dependent terms. The r e s u l t i n g  
simultaneous d i f f e ren t i a l  equations can be solved a n a l y t i c a l l y  or ,  when 
non l i nea r i t i es  ex is t ,  by using an analog o r  d i g i t a l  computer. A Runge 
Kutta 4 th  order technique has been used. 
An accurate representation o f  the loads must be used t o  acquire 
usable, c red ib le  resu l t s .  Referr ing t o  Figure 2'and w r i t i n g  r T = I a 
about mass 1, the torques considered are (1 ) t ha t  due t o  windshaft spr ing 
- 
r a t e  " K (el - e2)" and (2) " Qtln, the torque applied t o  the r o t o r  from 
the blades. "Q" includes the steady blade torque and the t rans ien t  
aerodynamic dampi ng . This damping term represents a torque dependent on 
the shaft speed i n  a d i r ec t i on  opposing motion. Without t h i s  damping 
there w o ~ l d  be an undamped, osci  11 a t i ng  torque appl i ed  t o  the-wind shaft .  
Wr i t ing c T = I a about mass 2 y i e l ds  a d i f f e r e n t i a l  equation w i t h  no 
external  fo rc ing  funct ion.  The torques appl ied t o  the r o t a t i n g  mass here 
are shaft torque, " -K(el - e2)', f r i c t i o n  "QLossl' and the generator loading 
c$. This loading, proport ional  t o  ei2,  al lows the generator t o  absorb 
energy a t  a r a t e  proport ional  t o  the 3rd power o f  the sha f t  speed. This 
i n  tu rn  y i e l d s  a per fec t  theore t i ca l  model match f o r  absorbing energy from 
the wind throughout the e n t i r e  speed range. More important from a dynamical 
po in t  o f  view however, the generator torque varies w i t h  the sha f t  speed i n  
a d i r e c t i o n  r e s i s t i n g  motion. As noted ea r l i e r ,  t h i s  loading thereby 
introduces v ib ra t iona l  damping. Therefore, regardless o f  the forcing 
funct ion imposed on the  system, any v ib ra t ions  should s t a b i l i z e  and damp 
out. 
To study the charac te r i s t i c  torque t rans ients  o f  t h i s  system, wind- 
shaft torque responses were computed for  two separate cases of forced 
torque input: (1) The step input, and (2) the sinusoidal input. Various 
torque fnputs depending on windspeed, t i p  speed r a t i o ,  and blade p i t c h  
angle are not incorporated a t  t h i s  time because work i s  s t i l l  being done 
on a computer program which y i e l ds  torque c o e f f i c l e n t  f o r  given values 
o f  t i p  speed r a t i o  and blade p i t c h  angle. 
The step function i s  chosen because i t  i s  the worst h igh torque 
case resu l t i ng  from imnediate step wind increase f o r  nonsta l l  i ng  blades. 
The sinusoidal fo rc ing  frequency i s  chosen because v i b ra t i on  o f  t h i s  system 
i n  the p r i n c i p l e  mode i s  sinusoidal and t h i s  fo rc ing  funct ion could induce 
resonance, an unstable condi t ion which could cause s t ruc tu ra l  damage. 
A. Step inpu t  
The windshaft torque t rans ien t  response was observed f o r  a step 
torque inpu t  a t  the wind ro to r .  The fo rc ing  funct ion stepped from zero 
t o  1440 FT-LBS a t  t = 0, from 1440 t o  3600 FT-LBS a t  t = 12 seconds and 
from 3600 t o  0 FT-LBS a t  t = 22 seconds. Figures 1, 2 and 3 show the 
windshaft torque response i n  FT-LBS vs. time i n  seconds. Inspection of 
these graphs show torque osc i l l a t i ons  not  t o  exceed 43% o f  the impressed 
step torque. The v ib ra t ions  are damped and d ie  out  i n  a r e l a t i v e l y  short 
period o f  time. What i s  important t o  no t i ce  i s  t h a t  i n  no way does the 
sha f t  torque exceed the r o t o r  torque i n  the t rans ient  state. 
b. Sinusoidal inpu t  
The system was forced t o  v ib ra te  a t  s l i g h t l y  below the undamped 
natural  frequency of the coup1 ed system. S l  i g h t l y  be1 ow was chosen because 
i t  i s  here tha t  the greatest magnif icat ion of torque response occurs. 
Damped natural  frequencies ac tua l l y  w i l l  d i f f e r  from undamped due t o  an 
angle phase lag. The forc ing funct ion o s c i l l a t e s  between 1 and 2/3 the 
ra ted torque. This simulates a 3 bladed windmi l l  experiencing tower 
shadow as long as the assumption o f  stnusoidal blade-tower blockage i s  
va l id .  
Figure 4 shows the steady s ta te  response o f  the machine t o  a forced 
inpu t  a t  the natural  frequency. Resonance does not occur and the v ibrat ions 
are stable. The reason f o r  t h i s  s t a b i l i t y  i s  the torque loading from the 
genera to r ,  i . e. the dampi ng term. 
C. Addi t ional  Remarks 
Although not  presented here some computer runs were conducted f o r  
various r a t i o s  of l1 t o  I2 and fo r  changing spring ra tes on the wind shaft.  
As the r a t i o  o f  I1 t o  I2 increases, torque t rans ients  diminish, conversely 
as t h i s  r a t i o  decreases torque transients increase u n t i l  t h i s  r a t i o  approaches 
zero. An example of t h i s  r a t i o  being zero i s  a synchror~ous machine locked 
i n t o  an e l e c t r i c a l  g r id .  Again, the  d i f f e r e n t i a l  equations can be solved 
fo r  various loading condit ions. I f  there were no damping and the r o t o r  ex- 
perienced step o r  ramp loadings, then, a t  sometime, osc i l l a t i ons  i n  torque 
would double. I f  the inpu t  loadings were sinusoidal resonance woulo occur 
if exci ted a t  the natura l  frequency. 
For changing spring rates, i t  appears t ha t  increasing the spr ing r a t e  
increases the number o f  o s c i l l a t i o n s  i n  response t o  step loadings before 
steady s ta te  i s  reached. This should be avoided since fat igue l i f e  would 
be reduced f o r  a l l  r o t a t i n g  members. A t  very low spring rates, t ime f o r  
the system generator t o  come up t o  speed i s  increased but  everywhere e lse  
tha t  time i s  essen t ia l l y  constant. F ina l l y ,  torque t rans ients  are very high 
a t  very low spr ing ra tes  and drop o f f  w i t h  increasing spr ing rates.  
D, Concl us i  ons 
In order t o  reduce v i b ra t i on  and overa l l  magni f ica t ion o f  r o t o r  
torque on the wind sha f t  the fo l lowing condi t ions a r e  recomnended: 
1. The wind machine should be.allowed t o  speed up anu slow down w i t h  
the wind speed. By doing t h i s ,  the generator o r  energy absorbing u n i t  
can be designed t o  change i t s  load w i t h  sha f t  speed, t h i s  i n  t u r n  adds 
damping and s t a b i l  izes v ib ra t ions  i n  the system. 
2. The wind r o t o r  i n e r t i a  should be greater than the d r i v e  system 
i n e r t i a .  
3. Shaft  spr ing ra tes should be low enough t o  minimize v ib ra to ry  os- 
c i l  l a t i o n s  but  high enough t o  hold down torque t rans ients  and response 
time. It would seem t h a t  a f t e r  se lec t ing moments o f  i n e r t i a  f o r  r o t o r  
and d r i v e  system, the spr ing r a t e  should be selected so t h a t  the lowest 
undamped natura l  frequency a t  the d r i ve  i s  greater than the ra ted  fo rc ing  
frequency due ' to  tower shadow. For the WF-1 t h i s  undamped frequency i s  
40% lower than the f o r c i ng  frequency due t o  tower shadow, bu t  resonance 
does no t  occur due t o  system damping. 
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TEST PROGRAM-WF-1 
A. Short-Term Tests 
These t es t s  are t o  focus on spec i f i c  equipment and/or operat ing regions 
i n  order t o  check ou t  overa l l  operat ion o f  WF-1. 
Nearly a l l  o f  these t es t s  are expected t o  be video-tape o r  f i l m  recorded 
fo r  v isua l  review and analysis. 
A t  l e a s t  the fo l low ing  performance parameters w i l l  be con t inua l l y  re -  
corded dur ing short-term tes ts :  
1. Wind speed 
2. Rotor RPM 
3. Blade p i t c h  angle 
4. Rotor sha f t  torque 
5. Generator load voltage 
6. Generator f i e l d  cur rent  
1. Region 1 Tests (s ta r t -up)  
Purpose: (a )  To determine cu t - in  wind speed and sha f t  torque a t  
various blade angles and machine d i rec t ions,  (b) t o  v e r i f y  the 
blade p i t c h  angle f o r  maximum torque (minimum cu t - in  speed), 
( c )  t o  v e r i f y  t h a t  the machine w i l l  yaw i n t o  the wind a t  low wind 
speeds, (d )  t o  observe the e f f e c t  o f  temperature, i c e  and snow on 
the machine operation. 
2. Region 2 Tests (constant t ip-speed r a t i o )  
Purpose: (a)  t o  v e r i f y  the design t i p  speed r a t i o  ( u  = 7.5 ) ,  
(b)  t o  v e r i f y  the proper funct ioning o f  the exc i t a t i on  con t ro l l e r ,  
( c )  t o  v e r i f y  the proper functioning o f  the blade p i t c h  con t ro l  1 er ,  
(d)  t o  v e r i f y  the proper funct ioning o f  the yaw damper, ( d )  t o  
determine the shaft torque t rans ients  . 
Regions 2 and 3 t es t s  w i l l  be conducted a t  a 1 i m i t  o f  100 RPM 
and a maximum wind speed o f  30 mph and then the t e s t  region w i l l  be 
enlarged t o  the ra ted RPM o f  167 and maximum wind speed o f  50 mph. 
3. Region 3 tes ts  (constant RPM, constant exc i t a t i on )  
Purpose: (a )  t o  v e r i f y  synchronous operat ion o f  WF-1, ( 6 )  t o  v e r i f y  
the proper funct ion ing o f  the blade-pi tch  con t ro l l e r ,  ( c )  t o  ve r i f y  
the proper funct ion ing o f  the f i e l d  con t ro l le r ,  (d )  t o  determine the 
sha f t  torque t rans ients  dur ing constant RPM operation, (e) t o  
v e r i f y  the proper funct ion ing o f  the overspeed t r i p  mechanism, 
( f )  t o  v e r i f y  the proper funct ion ing o f  the over-torque t r i p  mechan- 
ism, (g )  t o  v e r i f y  the RPM and wind speed f o r  rated power. 
4. Region 4 ( feathered) 
Purpose: (a)  t o  determine the proper funct ion ing o f  the blade 
feather and brake mechanism, (b)  t o  observe the machine slow-down 
and stop character i  s t i c s  when feathered. 
' From observations o f  the machine operat ing i n  h igh  winds, 
the maximum operat ing wind speed can be determined, 
5. Safety Tests 
(a)  Loss of Load 
Purpose: (1 )  t o  ve r i f y  machine operat ion when the e l e c t r i c a l  
load i s  suddenly l o s t ,  ( 2 )  t o  determine the torque and RPM 
t rans ients  under the condi t ion of a sudden loss o f  load. 
(b)  Loss o f  Control Signal 
Purpose: (1 ) t o  v e r i f y  the machine operat ion when the 
normal cont ro l  s ignal  i s  l o s t ,  (2)  t o  determine the torque 
and RPM t rans ients  under the cond i t i on  o f  a sudden loss o f  
cont ro l  s ignal .  
0 .  Long-Term Tests 
These tes ts  w i l l  focus pn the  long term f u l l y  automatic cont ro l  oper- 
a t i o n  f o r  long periods o f  t ime i n  order t o  determine the energy p roduc t i v i t y  
o f  WF-1 a t  the Amherst s i t e .  
IV-1 
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APPENDIX I V  
USE OF WII4DTUHllEL 'TESTS TO VERIFY ACCURACY OF WIdD FURiIACE COMPUTER- 
, n n  . . - , . . . . . 
The discrepancies between the f i r s t  ser ies o f  wind tunnel tes ts ,  and 
the computer runs t o  simulate those tests,  demanded t h a t  a second exper i -  
mental program be conducted. I n  the f i r s t  se t  o f  tes ts  s i x  f i be rg lass  
blades were constructed and then tested i n  a fou r  f o o t  by four  f o o t  wind 
tunnel using a generator and resistance load banks t o  determine power out-  
pu t  (Ref. TR/76/4). The fo l low ing  changes were decided upon. F i r s t ,  a 
d i f f e r e n t  s e t  o f  blades would' be used. The o r i g i n a l  se t  o f  f i be rg lass  
blades had inaccuracies which induced a c e r t a i n  amount o f  unwanted v ib ra t ion .  
Also, they were s i x  f e e t  i n  diameter and i t  was concluded t h a t  t he  expanding 
steamtube from the four  f o o t  wind tunnel was i n s u f f i c i e n t  t o  encompass the  
blade t i p s .  For the next  ser ies  o f  tests,  fou r  constant chord blades t h a t  
had previously been constructed f o r  use i n  a d i f f e r e n t  p ro j ec t  were t o  be 
used. These blades were c a r e f u l l y  b u i l t  from extruded aluminum and balsa 
wood, and were very accurately made. The blades had a iiACA 0012 p r o f i l e  
and the appropriate polynomial curvef  i t needed t o  simulate the  performance 
o f  t h i s  a i r f o i l  was added t o  the computer program. A su i tab le  hub t o  accept 
these blades was machined r e s u l t i n g  i n  a r o t o r  rad ius o f  1.534 ft., hub 
rad ius o f  .305 ft., and a blade chord o f  ,163 ft. These dimensions apply 
f o r  the 2, 3 and 4 bladed r o t o r s  t o  be tested. 
The second change was i n  the system used f o r  r o t o r  power measurements. 
The generator and load banks had too many unknown var iables t o  g ive  ac- 
curate resu l t s .  Therefore, a prony brake was constructed t h a t  would accept 
the hub and blades. A Toledo 2 1 b. weight scale was u t i l i z e d  t o  measure 
the fo rce  on the moment arm of the brake. The scale was ca l ib ra ted  against 
known weights, and a l l  measurements were corrected according t o  t h i s  ca l ib ra t ion .  
The RPM of t heb lades  was measured u s i t ~ g  a 1,ight source arid l i g h t  sensing 
diode w i t h  the putput fed i n t o  a Hew1 ett-Packard 5300A15304A frequency 
counter. Six pulses were generated per r evo lu t i on  and the measurement taken 
over a ten second period. This system should a l low f o r  an accuracy o f  
+ 1 RPM. 
The frictional losses w i t h i n  the brake i t s e l f  were estimated by 
mechanically tu rn ing  the sha f t  a t  a known RPM, as measured w i t h  the frequency 
counter, and then disengaging the tu rn ing  force and measuring the time taken 
f o r  the  brake t o  come t o  res t .  This al lows the angular decelerat ion t o  be 
found, and, when mu1 ti p l  l e d  by the theore t i ca l  l y  ca lcu la ted moment o f  i n e r t i a  
o f  the system, y i e l d s  the re ta rd ing  torque. This torque was added t o  the 
experinlental ly measured torque as a co r rec t ion  fac to r .  The above procedure 
does not  account f o r  blade t h r u s t  t h a t  would be inherent  w i t h i n  the system 
dur ing operation, and i t  also assumes t h a t  the re tard ing fo rce  i s  constant 
regardless o f  RPM. The f r ee  stream ve loc i t y  was measured w i t h  a s l an t  tube 
alcohol manometer, w i t h  cor rect ions made f o r  a i r  pressure and temperature. 
As i n  the previous experiments, the procedure was t o  f i r s t  conauct a 
ser ies  o f  t es t s  a t  a given wind speed i n  order t h a t  the BO, y i e l d i n g  max- 
imum power f o r  any one r o t o r  conf igurat ion,  might be determined. Once t h i s  
value was known, t h a t  B, was used i n  a l l  subsequent tes ts .  Each separate 
t e s t  was made by incremental ly  increasing the  torque on the brake and 
not ing the RPM f o r  each set t ing.  Thus, curves were generated t h a t  ind ica te  
the po in t  of maximum power. 
The f i r s t  ser ies  o f  tes ts  u t i l i z e d  a fou r  bladed r o t o r  and the exper i -  
mental r esu l t s  are shown i n  Figure 1. Also shown i s  the curve obtained from 
the computer simulat ion. I t  may be seen t h a t  t h i s  curve f i t s  smoothly through 
the t e s t  data. I t  was bel ieved t ha t  greater  accuracy would be achieved 
except f o r  the d is rup t ing  e f f e c t  o f  a backwash through the open outer  doors o f  
the wind tunnel roan any time a wind gust occurred. Since consistency i n  
the data was o f  paramount importance, a l l  fu r the r  t es t s  were conducted 
w i t h  the outer  doors closed. This a f f e c t s  the f r e e  stream ve loc i t y  b u t  
t h e  af fect  would be consistent  throughout the exper iwn ts .  Figures 2, 3, 
and 4 demonstrate t h i s  a f fec t  q u i t e  read i l y .  The f i r s t  o f  these i s  a power 
versus RPM curve f o r  the f ou r  bladed r o t o r  w i t h  outer  doors open. Figures 
3 and 4 are s i m i l a r  curves f o r  three and two bladed ro to r s  w i t h  the  doors 
closed. The improvement i n  the  consistency o f  the resu l t s  i s  apparent. 
Figure 5 i s  a comparison o f  power versus wind speed, Vo, f o r  two, three 
and four  bladed ro tors ,  a1 1 w i t h  the ou te r  doors closed. Figure 6 i s  the 
computer s imulat ion corresponding t o  Figure 5. This data represents a sub- 
s t a n t i a l  improvement over the resu l t s  from the f i r s t  t e s t  series. 
Up t o  t h i s  point ,  the methodology' used i n  a l l  t e s t i n g  was t o  f i r s t  deter- 
mine BO f o r  a given ro to r ,  and then t o  run a ser ies  o f  t es t s  a t  increasing 
wind ve loc i t i es .  On some subsequent day, the procedure would be repeated 
f o r  a d i f f e r e n t  blade conf igurat ion.  Given the  fac t  t ha t  Vo has a cubic a f f e c t  
on power, and given the normal e r ro rs  involved i n  any measurement, i t  
appeared t h a t  r esu l t s  o f  the desired accuracy could no t  be obtained by the 
above method. Therefore, i n  order t o  e l im ina te  Vo as a source o f  e r r o r  i n  
the comparative resu l ts ,  i t  was decided t o  ho ld  wind speed constant. A 
f i n a l  se t  o f  t es t s  were conducted i n  which the wind tunnel was star ted,  
allowed t o  run for  twenty minutes, and then se t  t o  a given ve loc i t y .  It 
was not  touched again u n t i l  a l l  th ree r o t o r  conf igurat ions had been tested. 
Table 1 shows the resu l t s  of t h i s  t e s t  ser ies  and compares these resu l t s  
t o  the computer s i  mu1 a t i on  resu l t s .  A1 though the percentage di f ferences 
from the computer are subs tan t ia l l y  l a rge r  than those obtained i n  the 
experiments, t h e i r  r e l a t i v e  placement i s  cor rect  and i t  i s  doubtful t h a t  
s i g n i f i c a n t l y  b e t t e r  r esu l t s  could be obtained wi thout  g rea t l y  increasing 
the sophis t ica t ion o f  the t e s t  program. Cer ta in ly  the p red i c t i ve  
capab i l i t y  o f  the computer program has been demonstrated (Tab1 e  1  ) and i f  
any cautions should be placed on i t s  use, i t  would be t h a t  the comparative 
di f ferences between r o t o r  types could be somewhat less than indicated. 
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APPENDIX V 
OPERATION OF SOLAR HABITAT ONE 
AND EXECUTION OF EXPERIMENTAL PROGRAM 
Work under t h i s  task has been d iv ided i n t o  the fo l low ing  three 
categories: 
1 ) Design and i n s t a l l a t i o n  o f  heating system f a r  Solar Habi ta t  I. 
2) Analy t ica l  model i ng o f  performance and economic evaluat ion o f  
the experimental system and wind o r  wind and so la r  systems i n  
general . 
3 )  Instrumentation and Data Acquis i t ion f o r  Solar Habi ta t  I system. 
A summary o f  progress i n  these three categories f o l  lows: 
1. Design and I n s t a l l a t i o n  o f  Heating System 
This phase o f  task one was essen t ia l l y  completed i n  August, 1976 w i t h  
the pub1 i cat ion  o f  technical  repor t :  WF/TR/76/11, "Design and I n s t a l  l a t i o n  
o f  Heating System f o r  UMass Solar Habi tat  I," by W.D. Wells and J.G. McGowan. 
This repor t  contained the d e t a i l s  o f  design p r i nc i p l es  and i n s t a l l a t i o n  o f  
the windpower and so la r  heating systems i n s t a l  1 ed i n  the experimental 
f a c i  1 i ty .  It included a complete spec i f i ca t ion  o f  materi a1 s and operating 
ins t ruc t ions  f o r  the various subcomponents as we l l  as a summary o f  po ten t ia l  
modi f icat ions and improvements t o  the system. 
Under t h i s  task there are fou r  versions o f  wind o r  wind and so la r  
heating systems i n s t a l l e d  i n  Solar Habi ta t  I. They are: 
a) Model 1A: Wind generator w i t h  e l e c t r i c  baseboards and no energy 
storage, 
b)  Model 2: Wind generator w i t h  water thermal energy storage and 
baseboard hot  water heaters. 
c) Model 3A: Wind generator and so la r  f l a t  p l a t e  co l l ec to r3  ~4th  
one water thermal energy storage and baseboard ho t  water heaters. 
d) Model 3B: Wind generator and so la r  f l a t  p l a t e  co l l ec to r s  w i t h  
two water thermal energy storage subsystems and baseboard ho t  
water heaters. 
I n  Solar Habi ta t  I, f o r  each o f  these systems, a gas f i r e d  ho t  a i r  
furnace (provided w i t h  the o r i g i n a l  house) suppl i e s  the auxi 1 i a r y  heating 
requirements. 
2. Ana ly t i ca l  Modeling o f  Wind o r  Wind and Solar Heating Systems 
A summary o f  work (up t o  January 1977) i n  t h i s  area i s  g iven i n  the 
recen t l y  issued technical  repor t :  WF/TR/77/1, "Wind and Solar  Residenti  a1 
Heating Systems: Energy and Economic Study" by G. Darkaza l l i  and 
J.G. McGowan. (This work w i l l  a lso  be presented a t  the 1977 Annual Meeting 
o f  the In te rna t iona l  Solar  Energy Society i n  June 1977. ) 
I n  add i t i on  t o  i t s  d i r e c t  a p p l i c a b i l i t y  t o  the design o f  the wind and 
so la r  heating system i n  Solar Habi ta t  I, t h i s  task involved the  development 
o f  a performance and economic model f o r  a v a r i e t y  o f  wind and wind and so la r  
space and water heat ing systems f o r  s ing le  family residences. The analysis 
was based on two separate d i g i t a l  computer programs: an energy program 
t h a t  determines system performance as a funct ion of subcomponent parameters 
and a u x i l i a r y  energy requirements, and an economics program t h a t  ca lcu la tes 
present (prototype) and fu ture  (mass produced) costs o f  the wind and/or 
so la r  components and system. A sumnary of major r e s u l t s  from both par ts  
of t h i s  task fo l low:  
A) Thermal Performance 
A performance comparison o f  the  model 1A (no energy s t o ~ a @ ? )  and 
the model 2 (water thermal energy storage) systems i s  given i n  Figure 1.1. 
A 2000 ga l lon storage system (7500 kg) was modeled f o r  Solar Hab i ta t  I 
(Amherst house) w i t h  a 60 ft. (18.3 m) tower. It can be seen t h a t  the use 
o f  thermal energy storage about doubles the  heating energy suppl ied by the 
wind generator. 
Figure 1.2 shows the effect o f  blade diameter and the s ize  o f  the 
res iden t i  a1 heating 1 oad (Solar Habi ta t  I required about 33,000 kwhr lyr)  
on the heat ing f rac t ion  suppl ied by wind. As i n  the previous example, 
Har t ford  wind data was used w i t h  a thermal storage o f  2000 ga l lons and a 
tower he ight  of 60 ft. As shown, the system performance increase from a 
25 ft. (7.6 m) blade diameter t o  a 32.5 ft. (9.9 m) i s  much l a rge r  
than from a 32.5 ft. blade diameter t o  a 40 ft. (12.2 m) one. 
One o f  the systems under study a t  Solar Habi ta t  I i s  the model 3 
version using both wind and a so la r  thermal energy i npu t  from conventional 
f l a t  p l a te  co l lec to rs .  As shown i n  Table 1.1 f o r  Solar  Habi ta t  I (33,000 
2 kwhrlyear, a 32.5 ft. windgenerator, and 600 ft. o f  f l a t  p l a t e  co l l ec to r s ) ,  
i t  might be expected t h a t  a combined wind and so la r  system could supply 
almost a l l  the  heating requirements fo r  ce r t a i n  heat ing loads. However, 
as shown i n  Figures 1.3 and 1.4 ( f o r  a l a rge r  house w i t h  a yea r l y  heat ing 
1 oad o f  46,200 kwhr) , component e f f ic ienc ies  and in te rac t ions  dur ing the 
hour-by-hour computer s imulat ion s i g n i f i c a n t l y  reduce the actual  del ivered 
res i den t i a l  heating input .  For example, if one looks a t  the expected 
output  o f  the ind iv idua l  wind o r  so la r  systems above, i t  might be expected 
t h a t  t h e i r  combination should supply a l l  of the heat ing inpu t  t o  the  house. 
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It can be seen t h a t  t h i s  i s  no t  the case f o r  a combined system and, f o r  
the present weather data (Har t ford  wind and Boston so la r ) ,  the increase 
i n  wind on ly  performance by adding so la r  co l lec to rs  i s  r e l a t i v e l y  small 
(compared t o  the output  of the so la r  on ly  systems). One reason f o r  t h i s  i s  
the probleni of a mismatch of heating loads, even w i t h  two inputs, as a 
func t ion  o f  time. Also, due t o  the increased temperature o f  the combined 
system's storage tank, i t  can be shown t h a t  the so la r  c o l l e c t o r  operates 
a t  a h igher average temperature, w i t h  a corresponding reduct ion i n  average 
e f f i c i ency .  A two tank storage system was analyzed t o  overcome t h i s  
problem (see WF/TR/77/1), bu t  the problems o f  matching i npu t  and loads, 
combined w i t h  increased thermal losses from the two tanks reduced i t s  
overa l l  e f f i c i ency .  
Figure 1.5 demonstrates t h a t  the add i t l on  o f  a ho t  water preheat sub- 
system s l i g h t l y  decreases the heat ing performance o f  a t yp i ca l  wind only 
system (w i th  storage). However, for  medium sized blade diameters, t h i s  
system w i l l  supply a la rge  f r a c t i o n  o f  the ho t  water heating load (based 
on average fami l y  requirements). It i s  expected t h a t  such a system w i l l  
be added t o  Solar  Habi ta t  I i n  the near fu ture .  
Although most o f  the ana l y t i ca l  work t o  date has used Hart ford,  
Connecticut data for  the yea r l y  performance simulat ion, the e f f e c t  o f  s i t e  
se lec t ion s t i l l  remains as the most important va r iab le  f o r  the overa l l  
thermal heating output  of various wind heating systems. As a r e s u l t  o f  
UMass data co l lec t ion ,  hour ly  wind data (over the  10 month heating season) 
from two other  s i t e s  near Amherst has become avai lable.  The expected 
s i g n i f i c a n t  in f luence on performance of s i t e  loca t ion  i s  shown i n  Figure 
1.6. Future ana l y t i ca l  work w i l l  look a t  more s i t e s  and w i l l  a lso  re-  
consider the a p p l i c a b i l i t y  o f  wind and so la r  systems a t  these s i tes .  Once 
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a la rge  enough sample o f  data has been obtained, i t  i s  expected t h a t  con- 
tinued ana ly t i ca l  models w i l l  y i e l d  generalized methods f o r  obtaining wind 
system performance (perhaps on a month-by-month basis) .  Such powerful 
models have been recen t l y  developed for  f l a t  p l a t e  c o l l e c t o r  so la r  on ly  
systems and there i s  reason to-suspect  t h a t  they can be developed f o r  wind 
and wind and so la r  combined systems. 
B) Economic Performance 
As de ta i led  i n  TR/77/1, generalized economic models f o r  the various 
wind and wind and so la r  system previously analyzed on a thermal performance 
standpoint have been developed. The cost  basis for  the various subcom- 
ponents was developed from a de ta i l ed  search o f  recent studies on solar-only 
heating systems as we l l  as the UMass experience i n  bu i l d i ng  the present 
32.5 ft. diameter machine on a 60 ft. tower. I n  order t o  compare the cost  
o f  wind and wind and so la r  systems w i t h  conventional systems, the fo l low ing  
three basic costs were calculated:  
1)  The t o t a l  cost  o f  the conventional heating system inc lud ing  
the cost o f  a1 1 the system components, operation, and 
maintenance. 
2) The t o t a l  cost  o f  the wind o r  wind and so la r  system con- 
s i s t i n g  o f  the cap i t a l  cost  of the system components, oper- 
a t i o n  and maintenance. 
3) The annual costs o f  a l l  systems, inc lud ing  the f ue l  costs 
fo r  both conventional and a u x i l i a r y  heat. Annual costs 
were general ly  obtained by amort iz ing the t o t a l  system cost  
over 20 years a t  an 8 percent i n t e r e s t  rate.  
The costs o f  the previously described wind and wind and so la r  systems 
were determined by use of an ana ly t i ca l  program using resu l t s  fop various 
subcomponent costs developed i n  Chapter 6 of WF/TR/77/1 (a block diagram 
i s  shown i n  Figure 1.7). Costs were calculated as a funct ion o f  the s i z e  
of the system components such as: blade diameter, tower height, c o l l e c t o r  
area, storage size, house heat ing load, and auxi 1 i a r y  heating requirements. 
The e f f ec t s  o f  fu tu re  improvements and mass production techniques were 
also considered, and as presented i n  Figure 1.8, can have a major e f f e c t  
on the t o t a l  cap i t a l  costs o f  wind only heating systems. 
A sample o f  the output  from t h i s  model i s  given i n  Table 1.2, using 
the subcomponent sizes fo r  the model 3A system i n s t a l l e d  i n  Solar Habi ta t  
I. The basis f o r  a1 1 systems operating costs i s  sumnarized i n  Table 1.3. 
Fuel costs and projected i n f l a t i o n  ra tes f o r  e l e c t r i c ,  gas and o i l  f ue l s  
were obtained from actual New England data and the pro jec t ions o f  recent 
NSF/ERDA so la r  heating studies. It i s  obvious t h a t  the projected f ue l  
i n f l a t i o n  ra tes are qu i t e  conservative, espec ia l ly  i n  the  l i g h t  o f  recent 
energy cost  increases . 
Figure 1.9 gives t yp i ca l  r e s u l t s  (Hart ford wind data) f o r  the average 
annual heating b i l l  f o r  prototype and mass produced wind on1.y systems 
using e l e c t r i c  o r  o i l  a u x i l i a r y  heat as a func t ion  o f  windgenerator blade 
diameter. It can be seen t h a t  o i l  a u x i l i a r y  systems are no t  competi t ive 
w i t h  conventional o i l  systems (whose average operat ing costs over 20 years 
i s  about $1000/year) u n t i l  mass production o f  such systems i s  implemented. 
However, e l e c t r i c  a u x i l i a r y  based systems are present ly compet i t ive w i t h  
e l e c t r i c  conventional systems and w i  11 be much more cos t -e f fec t i ve  when 
mass produced systems are b u i l t .  
F i g .  1.7 
- 
1 v . 
CONVElll IONAL 
SYSTUI  COST 
N. GAS, O I L ,  ELEC. 
AVERAGE AND 
FUTURE FUEL 
COSTS. 
< 
. 
r 
CCONOM 1 CS 
MAIN 
PROGRAM 
.- 1 
- - 
TOTAL COST OF SOLAR AND/OR WIND 
SYSTEMS. (PRESENT & FUTURE) 
V - + 
ANNUAL CONVENTIONAL 
& AUX. FUEL COST. 1 
ANNUAL. COI4VENTIOf4AL ' 
SYSTEM COST. 
v . - - ~~ 
ANNUAL SOLAR/I*IIND SYSTEM 
COST. (PRESENT & FUTURE) 
> - 
Y 
4 L 3 
ANNUAL COST SOLAR/W 1 ND SYSTEM 
& AUXIL IARY FUEL & CONVEIITICNAL 
SYSTEM. 
v -  I U  
CAPITAL COSTS 
-- - 
SOLAR AND CIIXD SYSTEM 
-.---------- 
Compo~n t 
-- 
Today's Cost, $ 
- --.--------- 
- Future C~I, S 
Rotating (parts) 
Stationary (parts) 
Tower - 60' 2,760.0 1,200.0 
Generator (26.1 k ~ ( r ) ) '  2,070.0 800.0 
-Storage 1,600.0 
Solar Col lector ( i n s t a l  led)  2,000.0 
-Heat Del ivery System 450.0 
Total  15,970.0 7,626.0 
Conventional Systems Cost, $ 
1 E lec t r i c  1 ,500. 0 
2 O i l  
3 Gas 
D z.32.5 ft. HT 60 ft. 
Storage = 2000 gal. 
ACOL = 200 sq. ft. 
Table 1.2 
MASS PRODU CEO PROT 0 TYPE 
f COSTS COSTS 
4m 8Poo 12,000 Ern0 
TOTAL COST ( 1975$) OF WIND SYSTEM 
F I G U R E  1.8 
V - I /  
BASIS /OR 
-- -- 
OPERA'TI IIG COST 
--.- 
Solar and Wind System -- 
--.a --- ----- 
p e s t  ~ l a t e  1 8 l ) e r c e r l  - 
--.- 
Fuel 
Table 1.3 
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Since the c a p i t a l  costs f o r  a wind heat ing  system are  about an order 
o f  magnitude higher than conventtonal systems, any incent ives  t o  prov lde 
low cost  loans f o r  such s o l a r  based systems can d ramat i ca l l y  h e l p  them t o  
compete w i t h  conventional systems. Th is  i s  i l l u s t r a t e d  i n  Figure 1.10, 
w i t h  a change i n  i n t e r e s t  r a t e  (over a 20 year amort izat ion)  f rom 8% t o  
2% (such a r a t e  decrease fo r  solar-based systems i s  present ly  under consid- 
e r a t i o n  i n  Massachusetts). 
A comparison o f  the  economics o f  wind compared t o  s o l a r  ( f l a t  p l a t e  
c o l l e c t o r s )  and wind and s o l a r  systems f o r  the Amherst house i s  presented 
i n  Figure 1.11. As can be seen, fo r  t h e  Har t fo rd  wind data, t h e  minimum 
operat ing  costs o f  wind on ly  and s o l a r  systems a re  q u i t e  s i m i l a r .  For the  
system considered, s o l a r  systems are  s l i g h t l y  more economic than t h e  pro- 
2 to type wind systems ( o r  t h e  wind and s o l a r  system w i t h  200 ft. o f  s o l a r  
c o l l e c t o r s ) .  Over a 20 year per iod  they are  both compet i t ive w i t h  the 
pro jec ted average annual heat ing c o s t  of e l e c t r i c i t y  ($21 71/yr.  ) . A1 so, as 
shown, i t  i s  pro jec ted t h a t  the  average opera t ing  c o s t  o f  mass produced wind 
systems w i l l  be below t h a t  o f  s o l a r  o n l y  systems. Again, i t  should be 
pointed o u t  t h a t  these r e s u l t s  are  obviously very s e n s i t i v e  t o  s i t e  se lec t ion-  
f u t u r e  work w i l l  study t h i s  f a c t o r  i n  more d e t a i l .  
As prev ious ly  mentioned, increased f u e l  costs w i l l  c e r t a i n l y  i n f l uence  
the  economic advantage o f  wind heat ing  systems. F igure  1.12 shows t h e  average 
y e a r l y  savings i n  heat ing  costs f o r  wind systems as a func t ion  o f  vary ing 
average e l e c t r i c i t y  costs over the  20 year amor t iza t ion  period. The middle 
r a t e  o f  0.058 $/kwh i s  representa t ive  o f  today's New England's costs w i t h  
a 3% i n f l a t i o n  ra te .  If e l e c t r i c  r a t e s  r i s e  t o  an average o f  about 9 m i l l s /  
kwh, t h e  advantages of wind heat ing  systems are  obvious. Obviously, such 
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fuel cost  var iables w i l l  be considered i n  future work. 
3. Instrumentation and Data Acquis i t ion 
It i s  the purpose o f  t h i s  pa r t  of Task 1 t o  instrunlent Solar Habi tat  
I and i t s  wind heating subcomponents i n  order t o  obta in  component and over- 
a l l  system thermal performance data. In addi t ion t o  den~onstrat ing the 
f e a s i b i l i t y  of the concept, the data w i l l  be analyzed and used t o  ca l i b ra te  
the o r i g i n a l  ana ly t i ca l  model developed i n  WF/TR. 77/1. 
Figure 1.13 shows i n  block diagram from the general scheme o f  t h i s  
task. Two key par ts  o f  the present ly i n s t a l l e d  system are the Fluke model 
2240A Data Logger (wi th  a cur rent  40 channel capab i l i t y )  and a Texas 
Instruments model 733 ASR Data terminal and magnetic tape storage. A f t e r  
some i n i t i a l  s t a r t i n g  problems (mainly e lect ron ics) ,  these components are 
i n  f u l l  operation f o r  any desired tests.  
The basic instrumentation f o r  Solar hab i t a t  I consists o f  the fo l lowing 
parts: 
a) 22 Thermocouples s i tuated a t  key po in ts  i n  the house and heating 
system components. 
b) 10 f low rotameters used t o  measure f low through heat exchangers, 
hot  water convector loops, and so la r  c o l l  ectors. 
c )  Two pyranometers t o  measure ambient so lar  rad ia t ion.  
d) Two anemometers t o  measure wind speed. 
e) Five on-of f  s ignals t o  determine f low loop operation. 
f )  i j ine pos i t i ve  displacement f low meters t o  measure a u x i l i a r y  gas 
. . 
and water inputs. 
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Under t h e  cu r ren t  on-going t e s t  program, t e s t  procedures have been 
developed and w r i t t e n  fo r  t h e  fo l l ow ing  subsystems: 
a) P ip ing  system 
b )  Thermal storage tanks 
c )  So lar  c o l l e c t o r  and heat exchangers 
d )  Heat d e l i v e r y  system 
e)  Auxi 1 i ary  furnace 
f )  So lar  H a b i t a t  I 
g) Wind generator (most o f  t h i s  work i s  being c a r r i e d  o u t  us ing  a 
t r a n s i e n t  data ana lys is  system. 
De ta i l ed  t e s t s  f o r  i tems a) - f )  have been s t a r t e d  and are  cont inu ing as 
mod i f i ca t i ons  t o  these subsystems are  completed. For example, under t h i s  
tes t i ng ,  major modi f i ca t ions  have been made t o  t h e  thermal s torage tanks 
and t h e  s o l a r  c o l l e c t o r  f l o w  loop. 
With t h e  complet ion o f  i t em (g) i n  t h e  above l i s t ,  t he  So lar  H a b i t a t  
I heat ing  system w i l l  be r u n  f o r  a t  l e a s t  one month i n  one f i xed  o v e r a l l  system 
con f igu ra t i on .  A t  t h i s  t ime  i t  i s  expected t h a t  t h i s  w i l l  be t h e  model 3 
system (wind and s o l a r  energy). A d e t a i l e d  techn ica l  r e p o r t  on t h i s  phase 
of Task 1 i s  i n  prepara t ion  and i s  expected t o  be completed by June 1977. 
